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ABSTRACT

Responses of the nightside magnetosphere and auroral zone to interplanetary shocks are studied using
WIND solar wind data and POLAR UV imaging data. It is found that the nightside
magnetospheric/ionospheric response depends on the interplanetary magnetic field upstream of the shock.
When the IMF B, is strongly southward upstream (up to 1.5 hr) of the shock, a substorm expansion phase
is triggered by the shock. If the IMF B, is ~0, the interplanetary shock triggers a pseudobreakup. If the B,
is northward, the shock does not trigger nightside auroral activity. Shock compression effects on the
magnetotail are discussed, as well as potential substorm triggering mechanisms. A schematic model for
tail plasma "loading" and "unloading" is presented. One conclusion of this paper is that it may now be
possible to predict what type of auroral activity occurs after interplanetary shock impingement on the
magnetosphere/magnetotail. A "dripping, tilting bucket" model is presented to explain the observations.
The model incorporates the possibility that the magnetotail has a nonlinear response to unusually strong

interplanetary shocks.

INTRODUCTION

Interplanetary shocks have been known to trigger magnetospheric substorms since the 1970's. These

earlier results reported that substorm triggerings are associated with shock intensities (Schieldge and
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Siscoe, 1970, Kawasaki et al., 1971), and interplanetary magnetic field (IMF) preconditions (Burch, 1972;
Kokubun et al., 1977). Kokubun et al. (1977) noted that ~43% of interplanetary shocks triggered substorm

expansion phases.

In this paper, WIND interplanetary and POLAR UV imaging data are used to characterize interplanetary
shocks and nightside auroras, respectively. A more complete set of observational results can be found in
Zhou and Tsurutani (2000). The consequences of shock compression of the magnetotail are discussed in
light of previously published substorm triggering models. A schematic model is presented to explain the
flow of energy from the interplanetary space to the magnetosphere and to the ionosphere for shock-

triggered substorm expansion and pseudobreakup events.

OBSERVATIONS

Interplanetary shocks occurring in 1997 and 1998 are used in this study (see also Zhou and Tsturutani,
2000). The resultant geomagnetic events are classified into three types based on the nightside auroral
response. They are: 1) intense nightside auroral brightening/substorm expansion phase onsets; 2)
pseudobreakups, and 3) auroral quiescent events. Figure 1 shows three interplanetary shocks observed by
WIND in the upstream solar wind in 1997 and 1998. Shown in the Figure are shocks that trigger: a) an
intense nightside auroral brightening (substorm?), b) a pseudobreakup event and c) a quiescent event (no
enhanced aurora). In each panel from top to bottom are the IMF magnitude, the IMF B, component, the
solar wind plasma temperature, proton density, and velocity, the solar wind ram pressure (defined as
Prm=pV?, where p is the mass density of protons and V is solar wind speed), and geomagnetic AE

indices. Vertical dashed lines indicate the times of shock occurrence.



For the Sep 24, 1998 shock event (panel a), the IMF B, average over the 1.5 hr preceding the shock
(henceforth called the precondition) is -1.8 nT. At the shock, B, turned northward from ~ -1 to 3 nT. Pram
increased from ~ 4 to 16 nPa. The shock triggered a substorm further expansion as shown by the bottom
panel, AE increased from ~ 700 to 1500 nT. For the Jan 10, 1997 shock event, the IMF B, precondition
was +0.3 nT. The IMF B, turned northward from ~ +1 to +5 nT and P,,, increased from ~ 2 to 5 nPa
across the shock. AE increased from ~ 20 to 50 nT. For the June 25, 1998 shock event, the IMF B,
precondition was +10 nT. At the shock, the IMF B, became enhanced, increasing from ~ 9 to 13 nT. The
Pram increased from ~ 4 to 7 nPa. The geomagnetic activity was very low, as shown by AE < 80 nT before

1714 UT.

Figure 2 shows nightside auroral regions of northern hemisphere in the geomagnetic coordinates. Panels 1
to 3 are auroral images for the substorm "further expansion" event, pseudobreakup event and the
quiescent event, respectively. Images in panels (a) are those just after shock arrival to the magnetosphere.
For the Sep 24, 1998 event (Panel 1), before the shock arrival there was substorm activity at ~ 2100 UT
(not shown), which presumably corresponded to the "precursor" southward IMF B, upstream of the
shock. After the shock arrival, there was a substorm auroral further expansion at ~2347 UT (panel b). The
aurora near ~ 21 LT intensified and expanded poleward to ~ 73° Mlat at ~ 2354 UT (panel ¢). The

corresponding peak AE index was ~ 1500 nT, as shown by Figure 1(a).

An auroral pseudobreakup event is shown in Figure 2, Panel 2. Approximately 12 min after the shock
arrival at the magnetosphere (panel c), an auroral spot occurred at midnight. This spot decayed after ~ 3
min and intensified again at ~ 0134 UT as shown by Panels 2(d) and (e). Then it decayed (not shown) (see
Arballo et al., 1998 for a more detailed discussion of this "quasiperiodicity"). This auroral spot is
considered as a pseudobreakup event based on our studies in Zhou and Tsurutani (2000) and Zhou et al.

(2000).



Panel 3 shows a quiet nightside auroral oval. There were no near-midnight auroral brightenings within
more than half an hour after the shock arrival. Correspondingly, the AE index was very low (shown in

Figure 1(c)). We call this a "quiescent” event.
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Figure 1. Interplanetary shock events detected by WIND. The WIND magnetic field and plasma data have been "time shifted"
to the magnetopause. For the September 24, 1998 shock event (panel a), WIND was in the upstream solar wind at about (184,
13, -9 Re) in GSM coordinates. Panel (b) shows the January 10, 1997 event. WIND was located at (85, -55, -22 Re). Panel (¢)

shows the June 25, 1998 shock event. WIND was at (69, 66, -1 Re).
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Figure 2. Nightside auroral activity during the September 24, 1998 (Panel 1), January 10, 1997 (Panel 2), and the June 25,
1998 (Panel 3) shock events. For each image, dawn is on the right and midnight at the bottom. The time sequence goes from (a)

to (e) for each event. The images are taken from the LBHL filter (~ 170 nm) with a 36.8 sec exposure time.

For all 18 events studied, results similar to the three events of Figure 1 and 2 were found. Our general
findings are: 1) with southward IMF B, preconditions, substorm expansion phases were triggered by
interplanetary shocks; 2) with IMF B, ~ 0 preconditions, pseudobreakups occurred; 3) with extreme

northward IMF preconditions, there was no midnight auroral activity triggered by interplanetary shocks.

INTERPLANETARY SHOCK EFFECTS ON THE MAGNETOTAIL

Compression Effects of Interplanetary Shocks on the Magnetotail

Below, we discuss the effects of solar wind compression of the near-Earth magnetotail. Pressure balance
between the solar wind and the tail geomagnetic field is assumed. The tail lobe geometry is primarily
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determined by the component of solar wind ram pressure normal to the tail magnetosphere boundary and

secondarily, by solar wind static pressure. The equilibrium expression is:

Bz 2 a2 B.%W 1
—g=(np+nHe)VSW s a+nk(Te+Tp)+—8—7;— ( )

Here B is the tail lobe magnetic field strength (we assume that the lobe plasma pressure is negligible), o
is the tail flaring angle (the angle between the solar wind flow direction and the tangent to the
magnetopause surface), T, and T, are the interplanetary electron and proton temperatures, and By is the
interplanetary field strength. # is the plasma density and & is the Boltzmann constant. The first term on the
right-hand side is the component of the solar wind ram pressure perpendicular to the tail magnetopause.
The second and third terms are the solar wind plasma thermal pressure and magnetic pressures. In this

paper, we have called the sum of the latter two terms the “solar wind static pressure”.
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Figure 3. The tail magnetopause position (X < 0) during the Sep 24, 1998 reduced from 19 to 13.7 . Bv adding the static
event. At X =- 15 Re in the tail, the radius of the magnetopause is decreased © Re y g

from 19 Re to 13.7 Re by the solar wind ram pressure.
pressure, we calculate that this radius is reduced

further to 13.3 R.. Assuming that magnetic flux in the tail lobes is conserved (no extra flux is added to or
reconnected in the tail), the radius of the tail lobe is reduced from 19 to 13.3 R, (at X = -15 R.). The

magnetic field in the lobes will thus increase by a factor of ~ 2.1.



The magnetopause configuration and tail cross-section are sketched in Figure 4 (a) prior to and (b) after
shock compression. The stronger the interplanetary shocks are, the stronger the magnetotail compression.

As the lobe magnetic field strength is increased, the cross-tail current density will increase accordingly (as
shown in Figure 4b). This follows due to the equivalence between the lobe field strength and the currents

confining the fields.
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Figure 4. The magnetopause and magnetotail configurations prior to and after interplanetary shock compression.

Current Sheet Disruption

As proposed by Lui et al. (1990), the current sheet disruption can be triggered by the kinetic cross-field

streaming instability (KCSI). This instability can set in when the drift speed between electrons and ions




are sufficiently large such that electron Landau damping is overcome by the ion contribution to growth.
The cross-tail current will be enhanced by the magnetotail compression. However, calculations (and
measurements) are needed to determine whether the onset of the KCSI instability takes place during such

compressions or not.

X-Line Formation

When the IMF turns southward, dayside magnetic reconnection is activated. Dayside magnetic flux is
transported over the polar caps to the outer portions of the tail lobes. The accumulated magnetic flux in
the tail lobes will change the magnetic configuration including thinning of the plasma sheet and earthward
motion of current sheet (Coroniti and Kennel, 1972; McPherron, 1991 Figure 59). When interplanetary
shocks compress the magnetotail, the lobe magnetic field will increase further, especially the By
component. The magnetotail is effectively stretched. Coroniti (1985) and Baker and McPherron (1990)
postulated that when the vertical component of magnetic field across the plasma sheet becomes
sufficiently small, ions in the cross-tail current no longer behave adiabatically, and magnetic reconnection
begins in the central plasma sheet. Then the rate of reconnection increases explosively. It has been
indicated (de la Baeujardiere et al., 1991 and Blanchard et al, 1997) that substorm expansion phase is
associated with increased magnetic reconnection the magnetotail. This scenario can be studied as well

using shock events as time markers.

A DRIPPING, TILTING BUCKET MODEL

To illustrate the findings in this paper and our conceptual ideas, a schematic is provided in Figure 5. On
the left hand side of the figure, solar wind energy is put into the plasma sheet by dayside magnetic

reconnection (the small pail putting water into the bucket). The greatest rate of energy input occurs when



the IMF has a large southward component (top left panel), less so when B, ~ 0 (middle left panel), and the

least, when the IMF has a completely northward component (bottom left panel).

The energy flows out of the bucket in two ways, through the spigot and through holes in the bucket. The
energy flow through the spigot represents energy into the magnetospheric/ionospheric system: storms,
substorms and pseudobreakups. The "leakage" represents energy dissipation down tail or into the

magnetosheath.

This “dripping” or leakage is implied from the limited ~ 1.5 hr "priming" found in this study and many
other previous works (such as Arnoldy (1971), Tsurutani and Meng (1972) and Meng et al. (1973) and
many others). If the energy was stored in the plasma sheet for much longer time intervals, the relationship
found here and the previously cited works showing high IMF B-AE correlations would not be present.
What exactly are these loss processes? At this time we don’t exactly know. But several possibilities are
internal dissipation and down tail energy flow. Ho and Tsurutani (1997) have argued that deep tail
magnetic reconnection is not related to substorm activity, so this “magnetotail sloughing” may be one

possible dissipation mechanism.

On the right hand side of Figure 5 are the interplanetary shock effects. The shock “tilts” the bucket. The
stronger the shock, the greater the tilting. In the top right panel, the shock (bucket tilting) leads to
substorm “intensification”. At this time, more energy is pouring out from the spigot (there is more energy

going into the ionosphere than the solar wind is transferring to the plasma sheet).
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Figure S. A schematic of the Dripping, Tilting Bucket model.

For cases where the plasma sheet energy storage level is relatively low (middle right panel), a moderate

shock leads only to a pseudobreakup (small substorm). A stronger shock corresponds to greater bucket

tilting, and a substorm.
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For very low energy storage (bottom right panel), a moderate shock leads to no energy output. However,

for a very strong shock, a psuedobreakup or even a substorm are possible outcomes.

In the above model, the IMF B, (dayside magnetic reconnection) plays the role in the filling of the bucket.
The shock compression and cross-tail current sheet microinstabilities are represented by the tilting of the
bucket. The “dripping, tilting bucket” model has been constructed to explain the

shock/magnetosphere/ionosphere relationships found in this paper.

FINAL COMMENTS

In this paper and in Zhou and Tsurutani (2000), we discuss plasma loading into the tail by "precursor"
IMF B; fields. This plasma is "loaded" into the tail and then "unloaded" into the magnetosphere triggered
by the interplanetary shock compression effects. However, of the 18 shock events studied, there was on
"anomalous" event, that of Sep 24, 1998. For this event, Zhou and Tsurutani (2000) found that there was
anomalously high energy (AE) output for the IMF Bs "precursor" input. We have shown in this paper that
the ram pressure increase across this shock was anomalously high ( a factor of 4 increase), that highest of
the 18 events studied. Schieldge and Siscoe (1970), Kawasaki et al. (1971) and Kokubun et al. (1977)
have also previously noted a geomagnetic activity dependence on shock intensity. Thus it is possible that
for very strong shocks, the magnetotail responds in a nonlinear fashion. As one possible scenario,
additional energy may be injected into the magnetosphere due to enhanced tail magnetic reconnection
(Figure 5a indicated such a potential scenario). In the near future, we will examine strong shock (Mach 3

to 4) versus weak shock effects on the magnetosphere.
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